Intermatrix synthesis as a rapid, inexpensive and reproducible methodology for the in situ functionalization of nanostructured surfaces with Quantum Dots by Bastos Arrieta, Julio Alonso et al.
Accepted Manuscript
Title: Intermatrix Synthesis as a rapid, inexpensive and
reproducible methodology for the in situ functionalization of
nanostructured surfaces with Quantum Dots
Author: Julio Bastos-Arrieta Jose Mun˜oz Anja
Stenbock-Fermor Maria Mun˜oz Dmitri N. Muraviev
Francisco Ce´spedes Larisa A. Tsarkova Mireia Baeza
PII: S0169-4332(16)30138-6
DOI: http://dx.doi.org/doi:10.1016/j.apsusc.2016.01.277
Reference: APSUSC 32509
To appear in: APSUSC
Received date: 17-12-2015
Revised date: 27-1-2016
Accepted date: 31-1-2016
Please cite this article as: J. Bastos-Arrieta, J. Mun˜oz, A. Stenbock-Fermor, M. Mun˜oz,
D.N. Muraviev, F. Ce´spedes, L.A. Tsarkova, M. Baeza, Intermatrix Synthesis as a
rapid, inexpensive and reproducible methodology for the in situ functionalization
of nanostructured surfaces with Quantum Dots, Applied Surface Science (2016),
http://dx.doi.org/10.1016/j.apsusc.2016.01.277
This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.
Page 1 of 39
Ac
ce
pte
d M
an
us
cri
pt
Intermatrix Synthesis as a rapid, inexpensive and reproducible methodology for the in 
situ functionalization of nanostructured surfaces with Quantum Dots 
Julio Bastos-Arrieta*1,2, Jose Muñoz2,, Anja Stenbock-Fermor3,  Maria Muñoz2, Dmitri N. 
Muraviev2, Francisco Céspedes2 Larisa A. Tsarkova3 and Mireia Baeza2 
1Department of Chemical Engineering, Universitat Politècnica de Catalunya, Av.Diagonal 
647, 08028 Barcelona, Spain. 
2Department of Chemistry, Universitat Autònoma de Barcelona, 08193, Barcelona, Spain 
3DWI − Leibniz-Institut für Interaktive Materialien, Aachen 52056, Germany 
*Corresponding Author: julio.bastos@upc.edu  
JB: julio.bastos@upc.edu  
JM: josemaria.munoz@uab.cat  
AS: stenbock@dwi.rwth-aachen.de  
MM: Maria.Munoz@uab.cat  
DNM: Dimitri.Muraviev@uab.es  
FC: francisco.cespedes@uab.cat  
LT: tsarkova@dwi.rwth-aachen.de 
MB: MariaDelMar.Baeza@uab.cat  
 
Abstract 
Intermatrix Synthesis (IMS) technique has proven to be a valid methodology for the in situ 
incorporation of quantum dots (QDs) in a wide range of nanostructured surfaces for the 
preparation of advanced hybrid-nanomaterials. In this sense, this communication reports the 
recent advances in the application of IMS for the synthesis of CdS-QDs with favourable 
distribution on sulfonated polyetherether ketone (SPEEK) membrane thin films (TFs), 
Multiwall Carbon Nanotubes (MWCNTs) and Nanodiamonds (NDs). The synthetic route 
takes advantage of the ion exchange functionality of the reactive surfaces for the loading of 
the QDs precursor and consequent QDs appearance by precipitation. The benefits of such 
modified nanomaterials were studied using CdS-QDs@MWCNTs hybrid-nanomaterials. 
CdS–QDs@MWCNTs has been used as conducting filler for the preparation of 
electrochemical nanocomposite sensors, which present electrocatalytic properties. Finally, 
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the optical properties of the QDs contained on MWCNTs could allow a new procedure for 
the analytical detection of nanostructured carbon allotropes in water.  
 
Introduction  
The progress in many fields of the modern technology within the last 20 years is 
determined by the rapid development and wide application of various nanomaterials (NMs) 
and nanocomposites on their base[1–4]. 
Regarding this fact, Metal Nanoparticles (MNPs) are objects of great interest in modern 
chemical research due to their special properties such as electrical, magnetic, optical and 
others, which are distinct from both those of the bulk material and those of isolated atoms 
and molecules[5]. 
However prior to their use, MNPs have to be stabilized. The stabilisation of MNPs is 
required for a number of reasons: 1) to prevent the uncontrollable growth of particles by 
preventing the nanoparticles aggregation; 2) to control the particles growth rate since if the 
rate is very low, their stability for a long time is assured; 3) to control particle size, and 
therefore, their special shape and the properties associated with it; and finally, 4) to enhance 
the particle solubility in various solvents what simplifies their handling and deposition on 
the materials surface. This stabilisation of MNPs can be achieved with the use polymeric 
supports and organic capping ligands[6–8]. 
The development of functional hybrid-nanomaterials combining different polymers and 
inorganic nanomaterials [9]-[10] as in polymer-metal nanocomposites (PMNCs), is one of 
the most promising solutions to the MNPs stability problem. Regarding this fact, 
Intermatrix Synthesis technique (IMS) is a simple, fast and low cost methodology for the 
synthesis of PMNCs. IMS is based on the ion exchange properties of the support resulting 
in the preparation of PMNCs[11–13]. This procedure coupled with Donnan Exclusion 
Effect (DEE) offers advantage in terms of MNPs distribution in the final added value 
material, where the MNPs  are mainly located on the matrix surface due to the difficulty of 
the reducing agents to penetrate deeply into the supporting matrix as result of the 
electrostatic repulsion[14, 15]. 
 The possibility of release of nanomaterials into the environment[16–20] results in 
the serious concerns  about safety issues dealing with: 1) their  higher toxicity in 
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comparison with their bulk counterparts;  2) the absence of the legislation normative for 
permitted levels of various NMs in water and air;  and 3) the absence of the adequate 
analytical techniques for detection of NMs in the environment [21, 22]. 
 Regarding this fact, it is essential to propose and to develop analytical 
methodologies for the quantification of nanomaterials, for example, in aqueous samples. 
This procedure could be based on the specific properties of the analyte under determination, 
such as for example Carbon Nanotubes (CNTs). However, they are known to be the most 
toxic carbon nanoallotrope. Nanodimonds (NDs) [23],[24, 25], which is other carbon 
nanoallotrope, exhibit interesting mechanical and optical properties, high surface areas and 
tuneable surface structures[25]. Moreover, they are non-toxic, which makes them suitable 
to biomedical applications, a feasible alternative as nanocarriers for addressed delivery of 
drugs and biolabeling[26],[27]. 
 Despite their toxicity, CNTs find various applications since their discovery due to 
their structural properties, stability and high electrical and thermal conductivities. All these 
features make CNTs a valuable component of different kind of nanocomposites, which are 
used as a base for design of various devices such as, for example electrochemical 
(bio)sensors[28][29][30]. For this reason, the development of analytical techniques 
permitting their detection in the environment seems particularly important. 
 CNTs are known to be partially oxidized and as the result, bear on their surface the 
carboxylic functional groups. From this viewpoint, they can be considered as a “nano 
analogous” of fibrous carboxylic ion exchange materials such as, for example FIBAN K-
4.[31, 32] The surface of these materials can be easily modified with MNPs as it has been 
shown in our recent publications[33,34]. 
 Previous works related to decoration or modification of CNTs with nanocrystals 
such as MNPs usually involve thermal evaporation[35], electroless deposition by galvanic 
replacement[36], MNPs hydrosol absorption[37], electrochemical deposition[38]. These 
methods are mainly based on the use of high temperatures or organic solvents, involving a 
significant environmental impact of the process. There are green methodologies for the 
functionalization of CNTs with MNPs such as seed-mediated growth[39,40] in which metal 
salts solutions can be reduced by a strong reducing agent (e.g. NaBH4) at room temperature 
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and aqueous solution. In addition; other green methodologies combine microwave radiation 
with polyol method for the synthesis of MNPs on CNTs for catalytic applications.[41–43]  
 Therefore, an analogous procedure can be used for modification of CNTs surface 
with easily detectable species, such as quantum dots (QDs). QDs are known to present 
quantum confinement effects during light excitation, which gives them interesting optical 
and semi-conducting properties. Tuning these features, and coupled them with its surface 
modification or using them for the surface modification of CNTs, led to explore the 
application of these nanocrystals in the field of sensors (fluorescent and biosensors) and to 
bioassays[44–47]. 
IMS has proved to be a valid procedure for the surface modification of polymeric 
ion exchange matrices such as resins, membranes and fibres with mono and bi-metallic 
MNPs. Depending on the chemical nature of these MNPs, the produced PMNCs have 
different applications: bactericide assays, complex water treatment, heterogeneous catalysis 
and electrocatalysis[5, 12, 33, 48–51]. In despite of the in situ formation of the MNPs on 
the polymeric support, its initial ion exchange properties are not significantly changed, 
which represents and advantage of IMS.  
Sulfonated polyetherether ketone membrane (SPEEK) has a potential for proton 
exchange fuel cell applications.[52, 53] Due to its ion exchange properties, SPEEK has 
been widely used as polymeric matrix for the IMS of MNPs.[5, 48, 54] Consequently, 
preparing SPEEK polymeric thin films (PTFs) by spin coating (SC) offers a novel type of 
polymeric support for IMS. SC is currently a predominant technique used to produce 
uniform thin films of organic materials with customized thicknesses of the order of 
micrometres and nanometres[55],[56],[57]. MNPs applications depend on their distribution, 
as well as the density of MNPs over the support. As SPEEK is a well know matrix for IMS 
with a tuneable sulfonation degree and stability, it is interesting to look for the effects of SC 
in the final MNPs distribution, and making SC an alternative methodology for the 
preparation of MPNCs with well dispersed and distributed MNPs synthesized by IMS. 
In this work we present the extended use of IMS for the preparation of CdS-QDs on 
novel reactive matrices such as CNTs, NDs and SPEEK/PTFs. This methodology includes 
two stages based on aqueous chemistry: 1) loading the functional groups with CdS-QDs 
precursor (e.g., metal complex ions) and 2) in situ formation of QDs in the supporting 
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matrix after precipitation of the precursor. Accordingly, the feasibility of CdS-QDs 
contained on MWCNTs (CdS-QDs@MWCNTs) for the preparation of epoxy 
nanocomposite electrodes was evaluated in terms of electrochemical and electroanalytical 
features. In addition, it is also proposed the use of IMS technique for the incorporation of 
CdS-QDs on carbon nanomaterials for the analytical detection of nanostructured carbon 
allotropes in water. 
 
Experimental  
 
Chemical and Reagents 
Raw MWCNTs used in this research was provided by SES Research (Houston, TX, USA) 
whose physical properties are > 95% of carbon purity, 10–30 nm of outer diameter and has 
about 5–15 µm of length. It was produced using a chemical vapour deposition (CVD) 
method. Epotek H77A and its corresponding hardener Epotek H77B were obtained from 
Epoxy Technology (Billerica, MA, USA) and were used as polymeric matrix. CdS-QDs 
were synthesized using Cd(NO3)2 and Na2S supplied by Sigma-Aldrich (St. Louis, MO, 
USA) and not required any farther treatment. The SPEEK precursor polymer (PEEK, 
Goodfellow) was also used without any pre-treatment. 
All dissolutions were prepared using deionised water from a Milli-Q system (Millipore, 
Billerica, MA, USA). Potassium ferricyanide / ferrocyanide (99.8%), potassium chloride 
(99.5%), potassium phosphate dibasic anhydrous (> 99.0%) and potassium phosphate 
monobasic ( >99.0%) and potassium hexacyanosferrate (II) trihydrate were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Finally, borom borohydride (96%) was provided by 
Panreac (Castellar del Vallès, Barcelona, Spain), and ion exchange resins were kindly 
supplied by Purolite® (Purolite Iberica S.I., Barcelona, Spain).  All reagents were of the 
highest grade available and used without further purification. 
Metal salts (NaBH4, CuSO4•5H2O and others) from Sigma Aldrich were of p.a. grade were 
used as received.  
NDs were kindly supplied by Dr. Andrey Yaroslavtsev and obtained by a synthetic 
methodology described somewhere else[25]. The detonation takes place in a closed 
chamber filled with an inert gas (dry synthesis) or iced water (wet synthesis) as coolant. 
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The product is a mixture of diamond particles 4–5 nm in diameter with other carbon 
allotropes and impurities.  
 
Preparation of Matrices  
a) SPEEK membrane synthesis and SC of PTFs:  
Sulfonation of  PEEK was carried out by following the procedure described elsewhere[5, 
58] by using concentrated sulfuric acid at room temperature. The casting of SPEEK 
membranes was carried out from a 10% w/w solution of polymer in DMF by using a RK 
Paint Applicator (K Print Coat Instruments, Ltd.) coupled with temperature controller. The 
ion-exchange capacity (IEC) of SPEEK membrane was determined to be about 2 meq•g-1 
SPEEK in all cases. 
An exact amount of SPEEK membrane was dissolved in DMF.  The result solution was 
sonicated for 10min, filtered through 1um filter and sonicated for 5 more minutes before 
SC.  
Silica wafer supports were heated up to 200 ºC and cleaned with CO2 (g). Then plasma 
etching was applied for 60 s for activating surface of the support and therefore provide 
more homogeneity of thin film coating.[59] Spin coater Laurell WS-650 was used for the 
preparation of SPEEK thin films. Previously, SPEEK solution was let to interact with the 
silica wafer support for around 10-15 s before starting SC for 2 min time at 2000 rpm.  
Thickness measurements of PTFs were made on an Omt - Optische Messtechnik Gmbh 
Ellipsometer.  
b) NDs activation:  
NDs were activated by 2.5 M nitric acid treatment with ultrasound for 2 h, with the 
consequent surface oxidation and appearance of carboxylic functionality which increases 
the ion exchange capacity of this support. A rinse procedure was carried out with MIliQ 
water and until pH=7. In addition, to obtain a more favourable ionic form of the NDs 
surfaces, NDs were immersed in alkaline 1.0 M NaCl solution (at pH≈10) with mechanical 
stirring to convert all carboxylic groups to Na+ form.  
c) MWCNTs:  
MWCNTs were activated by 2.5 M nitric acid treatment with ultrasound for 2 h promoting 
the increase the ion exchange capacity of this support. The carboxylic groups on the 
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MWCNTs were converted to Na+ form by their immersion 1.0 M NaCl solution with 
mechanical stirring. 
 
Synthesis of CdS- QDs by IMS precipitation technique  
The general procedure of synthesis was carried out by loading the raw multiwall carbon 
nanotubes functional groups with 20mL Cd(NO3)2 0.1 M for 30 min. with magnetic 
stirring. MWCNTs were rinsed with deionized MiliQ water. Then 20 mL Na2S 0.1 M were 
added to promote CdS-QDs precipitation on the surface of the MWCNTs, NDs and 
SPEEK-TFs. Finally, samples were rinsed once again with MiliQ water.  
 
Electron Microscopy Characterisation 
High Resolution Transmission Electron Microscopy (HR-TEM) images were obtained with 
the JEM-1400 unit with an acceleration voltage of 120kV. HR-(S)TEM  (scanning –
transmission electron microscope) images were taken with a FEI Tecnai G2 F20 S-TWIN 
HR-(S)TEM field emission of 200 kV with analytical EDS.  
Sample preparation: Approximately 1 mg of sample was dispersed in 5 mL of acetone as 
organic solvent and then placed in ultrasound bath for one hour. Finally, a drop of the 
solution was placed on a grid and let it dry before TEM analysis. For SPEEK-PTFs 
analysis, the PTFs were dissolved in DMF and dropped on a grid.  
Energy Dispersive X-Ray (EDS) microanalysis 
HR-(S)TEM microscopy shows colour contrast depending on the composition of the 
sample. The clear zones present a higher weight composition. Combining this technique 
with EDS analysis, EDS spectra evidence composition differences as for the catalyst of the 
MWCNT and the CdS-QDs.  
Metal content by thermogravimetric Analysis of CdS-QDs MWCNTs composites 
Thermogravimetric analysis (TGA) were performed on a Netzsch instrument, model STA 
449 F1 Jupiter®, with a flow of air. A ~20 mg sample was heated to 1000 ºC at 10 ºC/min, 
using flow of air.  The mass of the sample was continuously measured as a function of 
temperature and the rate of weight loss (d.t.g.) was automatically recorded.  
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Voltammetric Experiments 
All voltammograms were performed at room temperature (25 ºC) in a 10 mL glass cell 
(home-made), using a three-electrode configuration. Cyclic Voltammetry measurements 
were made in a 0.1 M KCl solution containing 6.5·10-3 M K4[Fe(CN)6] under quiescent 
condition (scan rate: 50 mV/s).  
Electrochemical Performance of CdS-QDs@MWCNTs in epoxy nanocomposite 
electrodes 
Regarding the feasibility for the preparation of epoxy composite electrodes with CdS-QDs 
on MWCNTs, the information of previous studies was taken into account considering that 
the optimal composition of the transducer material used for the construction of 
nanocomposite electrode was 10% of raw MWCNTs dispersed in epoxy Epotek H77 resin.  
Basing on our previously obtained results, 10% of conducting material content was 
considered as the optimum for MWCNTs/epoxy composite electrodes containing SES 
MWCNTs.(ref) This composition was also used in this work. 
Confocal Microscopy  
Samples were mounted on bottom-glass culture dishes (MatTek Corp., Ashland) and were 
examined using a TCS-SP5 (Leica Microsystems, Heidelberg, Germany) confocal laser 
scanning microscope located in Microscopy Facilities of Universitat Autònoma de 
Barcelona.  Fluorescence Emission Spectra were obtained using a 63x objective with an 
excitation wavelength of 405 nm for all spectra. Recording data has a wavelength range 
from 425 nm to 775 nm with a band width of 10 nm and a spectral resolution of 7 nm. Raw 
MWCNTs do not present fluorescent emission signal.  
 
Results and Discussion  
 
Intermatrix Synthesis CdS-QDs in SPEEK Polymeric Thin Films (CdS-
QDs@SPEEK/PTFs)  
SPEEK membrane presents an ion exchange capacity (IEC) value of 2 meq•g-1 as product 
of the tuned sulfonation degree. This fact has made this polymeric membrane a suitable 
matrix for the implementation of IMS for the synthesis of different MNPs with different 
applications.[48, 60, 61] 
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Preparing PTFs of SPEEK membrane by SC involves the production of a material with 
optimal properties, which chemical properties are not changed. Consequently, the re-
assembly and disposition of the functionality of the initial material make it suitable for IMS 
of Cd-QDs.  
The formation of SPEEK/PTFs involves the equilibrium of several different species to 
produce the homogenous polymeric layer. The approach to achieve homogeneity in the 
layer thickness and distribution required several optimisation cycles of SPEEK polymer 
dissolved and dropped on a silicon wafer. The viscosity and surface tension of dissolved 
SPEEK, could cause non-homogenous film distribution, therefore a plasma etching[59] 
procedure was carried out on the silicon wafers to improve affinity between the wafer and 
the substrate as SPEEK flow on a flat spinning substrate is one of the most important 
physical processes involved in SC[56],[57]. 
SC of SPEEK involves different stages[57] 1) deposition of SPEEK on silicon wafer, 2) 
spin-up due to centrifuge force in which the substrate is accelerated up to is final desired 
rotation speed, 3) spin-off in which gradual fluid thinning occurs and 4) evaporation in 
which spin-off stage ends the film drying stage begins. Stages 1 to 3 are sequential. In 
addition, stages 3 and 4 usually overlap, being these two the more important for the final 
coating thickness 
The election of the solvent is fundamental for homogenous coating. In this case, 
dimethyformamide (DMF) was selected because of the solubility of SPEEK in it and its 
volatility, favouring stages 3 and 4 of overall SC process. Thickness control during SC is 
dependent on the viscosity of the polymer drop to be coated (SPEEK) and its surface 
tension interaction with the wafer. This factor could be tuned by changing the concentration 
of SPEEK during deposition (1% to 5% v/v in DMF) and keeping constant the SC 
parameters such as time, revolutions and acceleration rate.   
After obtaining different SPEEK/PTFs with different thicknesses (from 50 to 250 nm as 
obtained from ellipsometry measurements[62]) and considering that the ion exchange 
properties of SPEEK have not been significantly changed during preparation step, IMS of 
CdS-QDs can be carried out. The overall process can be described by equations 1 and 2.  
Firstly, from Na+ form of SPEEK/PTF as the most favourable for the ion exchange. PTF is 
loaded with Cd2+ ions by a simple ionic exchange between cadmium and sodium ions, 
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equation (1). Equation (2) corresponds to the second stage of IMS, where the precipitation 
of CdS-QDs on the SPEEK/PTF is due to the addition of Na2S. The regeneration of the 
initial Na+ form of the support is achieved; which makes possible to repeat the overall cycle 
of IMS in order to increase the amount and thickness of the QDs synthesized[48, 60, 61]. 
2R-SO3- Na+ + Cd2+ → (R-SO3-)2 Cd2+ + 2 Na+  (1) 
(R-SO3-)2 Cd2+ + Na2S → 2R-SO3- Na+ + CdS↓  (2) 
The surface modification of SPEEK/PTF is shown in Figure 1. Figure 1A shows a (S)TEM 
picture of CdS-QDs (white dots) and the Energy Dispersive X-Ray (EDS) of Figure 1B is a 
qualitative proof of the presence of the Cd and S; which would be expected to be located 
mainly on the surface regarding previous observation on SPEEK – NPs systems. [63] 
The size distribution of the QDs on the SPEEK/PTF was determined of HR-TEM 
images (1C and 1D) from which a size distribution of (3.4 ± 0.3 nm) is obtained.  Electron 
microscopy images and EDS analysis evidence that IMS is a valid technique for the 
synthesis of CdS-QDs in 2D polymeric supports such as SPEEK/PTFs prepared by SC. In 
addition, QDs size distribution was similar to other MNPs synthesized by IMS on SPEEK 
3D films.[5] 
Previous studies in similar systems of NPs and SPEEK [63], the location of the NPs 
is mainly on the surface as result of observation of cross section EDS analysis of the 
polymeric membrane. This is because of the coupling of the IMS with DEE and the 
abovementioned difficulty of the precipitation agent to penetrate the polymeric matrix as 
result of electrostatic equilibrium. In this case, IMS is coupled with DEE [15, 64, 65] 
predicts that the use of negatively charged precipitation agents as S2- leads to the 
precipitation and location of the CdS -QDs mainly on the surface of the supporting matrix. 
Moreover, as seen in TEM image (1C), the stabilization offered by the polymeric support 
avoids the presence of agglomeration of QDs, as one additional advantage of IMS.  
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Figure 1: A) (S)TEM picture of CdS-QDs, indicating with a red square the analysed zone for the corresponding EDS on B. C) HR-TEM 
image and size distribution histogram of QDs (D).  
 
Intermatrix Synthesis CdS-QDs in Nanodiamonds (CdS-QDs@NDs) 
As stated before, NDs are less toxic nano carbon forms compared with MWCNTs. Their 
feasibility of applications due to their biocompatibility and high temperature resistant, make 
them an interesting matrix for the development of new low-dimensional carbon 
nanomaterials[25, 26, 66]. 
NDs usually present diameters from 4 to 5 nm and tend to agglomerate[25]. The 
experimental characterisation of raw NDs showed a size distribution value of 3.5 ± 0.3 nm. 
Agglomerates can be avoided by ultrasonication of the sample before TEM analysis (see 
Figure 2).   
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Figure 2: HR-TEM images of NDs (A, B magnification B>>>A) and raw NDs size distribution histogram(C). 
 
 The acidic treatment of the NDs leads to the appearance of carboxylic groups on 
their surface. Consequently, the activated NDs represent an analogous form of carboxylic 
polymers (eg. carboxylic resins and fibres) in which IMS was successfully applied for the 
preparation of MNPs.[34, 67] 
IMS has never been used before for the surface modification of 0D supports as NDs. Even 
though; as it is based on the ion exchange functionality of the support; the IMS of CdS-
QDs on NDs procedure proposed is described by equations (3) and (4).   
 
2[NDs-COO- Na+] + Cd2+ → [NDs-COO-]2 Cd2+ + 2Na+   (3) 
[NDs-COO-]2 Cd2+ + Na2S  → 2 [NDs-COO- Na+] + CdS↓   (4) 
 
 Equation (3) shows the Na+ form of NDs. Sodium ion is exchanged by Cd2+ to 
complete the initial stage of IMS. Then, NDs sodium ion form is regenerated which makes 
feasible the repetition of IMS cycles, as can be seen in equation (4). In despite of this fact, 
it is important to highlight the size limitation of the reactive surface support (average 3.5 
nm). The aim of the activation by acidic treatment is to increase the suitability of the NDs 
matrix (and MWCNTs) to the first loading stage of Intermatrix synthesis, which involves 
the ion exchange between the functional groups of the matrix with the QDs precursor (Cd2+ 
ion). In addition, the expected size of the CdS-QDs on these NDs supports is even smaller 
than the ones obtained on SPEEK/PTHs.  
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The presence of CdS-QDs on the NDs was evaluated and proved by HR-TEM pictures and 
EDS analysis (see Figure 3). The EDS spectra of raw NDs (Figure 3B) and modified-NDs 
with CdS-QDs (Figure 3D) were compared. The last spectrum verifies the presence of 
cadmium and sulphide.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: A) HR-TEM image of raw NDs and EDS spectra on B. C) HR- TEM image of CdS-QDs modified NDs and corresponding EDS 
spectra on D. 
 
Intermatrix Synthesis of CdS-Qds in MWCNTs (CdS-QDs@MWCNTs) 
The modification of reactive surfaces such as MWCNTs with QDs can be carried out by 
taking advantage of their ion exchange functionality. In this case, the first stage remains 
absolutely the same (loading the functional groups with NPs precursor), while the second 
one includes the formation of NPs (QDs) by precipitation reaction (instead of reduction). 
IMS can be described as follows: [11, 68] 
Stage 1: Loading of Cd2+ ions (QDs precursors) onto the carboxylic groups of MWCNTs, 
equation (5), and  
Stage 2: Precipitation of CdS-QDs on the MWCNTs surface by adding Na2S solution, 
equation (6):  
 
2[MWCNTs-COO- Na+] + Cd2+ → [MWCNTs-COO-]2 Cd2+ + 2Na+  (5) 
[MWCNTs-COO-]2 Cd2+ + Na2S  → 2 [MWCNTs-COO- Na+] + CdS↓   (6) 
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 As it is seen from equation (6), after carrying out the QDs formation reaction on the 
MWCNTs surface, the functional groups appear to be regenerated, as they are converted 
back into the Na+ form. This means that the QDs formation cycle can be repeated again by 
using both equations without any additional pre-treatment of MWCNTs. This allows for 
accumulation of the desired amount of QDs on the surface of MWCNTs as seen in Figure 
4.  
 
Figure 4: A) HR-TEM raw MWCNT B) HR-(S)TEM CdS-QDs on MWCNTs after one IMS cycle. C) and D) HR-(S)TEM images of 
CdS-QDs on MWCNTs after two sequential IMS cycles. Magnification of D>>C.  
 
The microscopic characterisation of QD-MWCNTs nanocomposites shows in Figure 4B 
confirms that the CdS-QDs are located mainly on the surface of MWCNTs. Moreover, QDs 
are well separated from each other and do not form any visible agglomerates. The raw 
MWCNTs also contain Fe and Ni catalyst particles used by the manufacturer to grow the 
CNTs. These catalysts are located inside of the MWCNTs walls. In order to differentiate 
the QDs from the catalyst particles, EDS analysis of CdS-QDs@MWCNTs was also 
performed. Furthermore, the size distribution of the CdS-QDs is another parameter which 
can be used for their identification. An average diameter of CdS-QDs is 2.3 ± 0.4 nm as 
shown in Figure 5, while the one of the catalyst is higher ( > 10 nm).  
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Figure 5: A) (S)TEM image and B) size distribution histogram for CdS-QDs on MWCNTs with an average diameter of 2.3 ± 0.4nm.  
 
The corresponding EDS spectra in Figure 6 confirm the presence of CdS-QDs and clearly 
differentiate QDs from Ni catalyst. Signal of Cd content seems to be low due to the 
resolution of EDS technique for a single point analysis.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: EDS spectra of A) MWNCTs Catalyst showing high Ni content. B) CdS-QDs showing the presence of Cd and S.  
 
Thus, the QDs content was evaluated by the thermogravimetric analysis (TGA) and 
appeared to equal to 11.0% weight of CdS-QDs. As it is also seen in Figure 5, despite of a 
larger amount of QDs accumulated on the MWCNT surface after two sequential loading-
precipitation cycles, no evidence of QD agglomerates formation can be detected for a 
20.6% weight of CdS-QDs content. Therefore, this fact can be considered as an additional 
advantage of IMS as synthetic route.  
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Electrochemical characterization 
CdS-QDs@MWCNTs/epoxy nanocomposite electrodes were constructed and 
electrochemically characterized by cyclic voltammetry (CV) in order to evaluate its 
feasibility as electrochemical sensors. In this context, the electrochemical performance of 
these electrodes were compared with the non-modified electrodes with CdS-QDs. Based on 
previous results, the MWCNT load for both kind of nanocomposite electrodes is 10% 
(w/w) [69–71]. Raw MWCNTs and CdS-QDs@MWCNTs were used as conducting 
materials for the construction of nanocomposite electrodes. 
 Figure 7 shows the typical cyclic voltammograms of the two kind of electrodes 
studied in this work (raw MWCNTs/epoxy and CdS-QDs@MWCNTs/epoxy 
nanocomposite electrodes) in 6.5·10-3 M [Fe(CN6)]4- containing 1.0 M KCl electrolytic 
solution at a scan rate of 50 mV·s-1. Different parameters such as peak height (Ip) and peak 
separation potential (∆E) have been extracted from the cyclic voltammograms, see Table 1. 
The electroactive area can be calculated in terms of pe k current (Ip, A) and scan rate (υ, 
V·s-1) according to the Randles-Sevčik equation:[72] 
Ip = 3.01 × 105 · n3/2 (α Dred υ)1/2 A ·  
where n is number of electrons (n=1),  is the bulk concentration of the electroactive 
species ( = 6.5·10-5 M), Dred corresponds to the diffusion coefficient of the reduced 
species (Dred = 6.32 × 10−6 cm2·s−1), α represents the charge transfer coefficient (α = 0.5) 
and υ represents the scan rate (υ = 0.01 V·s−1). According to these results, the electrode 
modified with CdS-QDs exhibited an enhancement of Ip around 56%, which was attributed 
to the increase of the electroactive area provided by modified-MWCNTs with CdS-QDs. 
This fact can be explained since QDs disperse the conductive microzones through the 
insulating polymeric matrix, obtaining electrodes more similar to a microelectrode array 
behaviour, with the benefits they present, such as higher signal-to-noise ratios and lower 
limits of detection [73]. Simultaneously, a change in ∆E was also observed (0.24 V vs. 0.41 
V for CdS-QDs@MWCNTs/epoxy nanocomposite electrode), which can be explained due 
to the introduction of semi-conducting nanomaterials (CdS-QDs). This increase of ∆E turns 
into partial decrease in the system reversibility.[74] The enhancement of these 
electrochemical parameters resulted in an enhancement of several analytical parameters, as 
have been demonstrated recently [73]. 
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Figure 7: Cyclic voltammetry recorded in 6.5·10-3 M [Fe(CN)6]4- for electrodes containing a) raw MWCNTs and b) CdS-
QDs@MWCNTs. Scan rate: 50 mV·s-1. 
 
 In order to verify if there is any release of CdS-QDs from MWCNTs to the media 
during the use of CdS-QDs modified-electrodes, different consecutive voltammograms 
were carried out, as is shown in Figure 8A. Four voltammograms were performed in 0.1 M 
KCl media, the first one without presence of Fe2+ and the following with increasing Fe2+ 
concentration. None peak was observed when the voltammogram was recorded without 
presence of Fe2+, indicating that no redox reaction providing by the CdS-QDs takes place. 
These results demonstrate the stability of the CdS-QDs on the MWCNT surface and 
consequently in the nanocomposite electrode.  
 Then, the feasibility of this electrode in terms of electrochemical response and 
system reversibility was studied in front of different Fe2+ concentrations, as is also shown 
in Figure 8A. Peak current (anodic and cathodic) was directly proportional to [Fe2+] (Figure 
8B and 8C). The linearity between peak current and [Fe2+] indicates the adequated system 
reversibility, obtaining a great regression of both, anodic peak current (Ipa) vs. [Fe2+] (r2 = 
0.9998; n=4) and cathodic peak current (Ipc) vs. [Fe2+] (r2 = 0.9996; n=4).  
 The voltammetric results demonstrate a great electrochemical behaviour for CdS-
QDs@MWCNTs/epoxy nanocomposite electrodes, opening the way to use this 
nanomaterials for the development of improved (bio)sensors from an electroanalytical point 
of view. 
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Figure 8: A) Cyclic voltammograms of CdS-QDs@MWCNTs/epoxy nanocomposite electrode a) in absence of Fe2+ and in 
presence of b) 13 ppm, c) 25 ppm and d) 37 ppm of Fe2+. B)  Lineal relationship between [Fe2+] and Ipa and C) lineal 
relationship between [Fe2+] and Ipc. The voltammograms were recorded at 50 mV·s-1, using 0.1 M KCl as electrolytic 
solution. 
 
Table 1. Electrochemical parameters obtained by CV in 0.1 M KCl containing 6.5·10-3 M [Fe(CN)6] 4- at 50 mV·s-1 for the 
raw MWCNT/epoxy and CdS-QDs@MWCNTs/epoxy nanocomposite electrodes. A, Ip and ∆E parameters correspond to 
electroactive area, peak height and separation potential, respectively 
 
Nanocomposite  
Electrode 
A  
(cm2) 
Ip  
(mA) 
∆E 
(V) 
Raw MWCNT/epoxy 0.05 0.021 0.24 
CdS-QDs@MWCNTs/epoxy 0.11 0.048 0.41 
 
 
Feasible application of CdS-QDs@MWCNTs for MWCNTs detection in water 
After MWCNTs modification with CdS-QDs, they acquire optical properties, [75] 
demonstrating fluorescence emission spectra and start to be visible. These spectra were 
determined for different concentrations of CdS-QDs@MWCNTs in aqueous solution. 
Figure 9 presents the schematic diagram of sample preparation procedure for proposed 
analytical methodology for detection of CNTs in water. 
 The procedure is based on the hypothesis that CdS-QDs can be formed only on the 
surface of supporting material, such as for example MWCNTs. The surface of this material 
serves as both QDs formation medium as it bears the QDs-precursors (Cd2+ ions fixed on 
the carboxylic groups of CNTs) and the QDs-stabilizing medium as it prevents their 
agglomeration and uncontrollable grows (see Figure 5). Based on this hypothesis, it was 
also assumed that QDs cannot be formed in the QDs-free aqueous phase (used as blank) as 
in this case only the formation of CdS macro crystalline precipitate can occur. 
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Precipitation of CdS in blank was carried out by using the same reagent amount as for IMS 
of CdS-QDs on MWCNTs. 
Then, the solution obtained was centrifuged. The aliquot of the resulting upper liquid phase 
was used as blank solution. An analogous procedure was applied for the water samples 
containing MWCNTs. After centrifugation, aliquots from the samples containing different 
MWCNTs concentration (differing by factors 1x, 2x and 3x) were taken for 
spectrophotometric analysis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Scheme of analytical procedure for determination of MWCNTs in water. A) addition of Cd(NO3)2 aqueous solution to blank 
and water sample under analysis, B) precipitation of CdS(s) and formation of CdS-QDs on MWCNTs surface, C) centrifugation and  D) 
aliquot from liquid phases of blank and analyte is analysed on spectrophotometer for detection of MWCNTs due to presence of CdS-
QDs.  
 
Figure 10 presents the values of fluorescent emission at the wavelength of λ= 405nm for 
three different concentrations of CdS-QDs@MWCNTs (obtained after one QDs loading 
cycle) in aqueous phase. As it is seen in Figure 9, the fluorescent emission at this particular 
wavelength appears to be directly proportional to the concentration of analyte (MWCNTs) 
in the sample. This fact can be used for the quantitative detection of MWCNTs in water 
samples, considering a suspension of raw MWCNTs as blank sample (no fluorescence 
emission is observed as shown in figure 10).  
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Figure 10: Dependence of intensity of fluorescence emission at wavelength of λ= 405nm on relative concentration of MWCNTs 
decorated with CdS-QDs. Zero point corresponds to emission of blank (see text). 
 
 Consequently, it can be concluded that non-aggressive IMS technique proves to be 
applicable for the functionalization of MWCNTs with CdS-QDs what makes them 
spectrophotometrically detectable. IMS methodology is a simple technique as the amount 
of regents used for IMS of QDs on MWCNTs surface can be minimized and only aqueous 
solutions are used in all cases. In addition, it seems important to emphasise that this 
methodology offers the possibility of detection of these NMs by using simple procedure 
shown in Figure 9, what makes detectable its presence in water.  
 An increase of CdS-QDs load on MWCNTs surface combined with more sensitive 
spectrophotometric equipment, will allow to substantially decreasing the limit of detection 
of MWCNTs in water. 
Moreover, the procedure seems to be easily adaptable for detection of other carbon NMs 
such fullerenes, NDs and some others. Moreover, the final distribution of the QDs on the 
support makes feasible the application of the obtained NMs also in catalysis or 
electrocatalysis. The aim of the acidic treatment is to increase the suitability of the reactive 
matrix (in this case MWCNTs and NDs) to the first loading stage of Intermatrix synthesis, 
which involves the ion exchange between the functional groups of the matrix with the QDs 
precursor, Cd2+ ion. The increase of the suitability of the reactive matrix (CNTS, NDs or 
other carbon nano –allotropes) by this treatment will be reflected in the consequent increase 
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of the sensitivity of the detection methodology. In this case, the detection occurs due to the 
fluorescent features of the CdS-QDs, which will remain the same independently of the 
support where they can be synthesized. Regarding this, in despite of the activation or not of 
the support by the acidic treatment, the synthesis of the CdS-QDs is still feasible and 
therefore the application of the detection methodology. 
This proposed methodology has the assumption that the formation of the QDs is 
only on the surface of the MWCNTs. In the absence of this support, CdS forms 
conventional macroscopic scale precipitate which can be easily separated by centrifugation. 
Meanwhile, at the same centrifugation conditions the CdS-QDs@MWCNTs will still 
remain suspended in aqueous phase. 
 
Conclusions 
IMS demonstrates to be a valid route for the systematically preparation of multi-
dimensional nanocomposite materials (from 0 D such as NDs to 3 D as granulated 
exchange polymers) by the modification of different types of reactive surfaces with CdS–
QDs.  
In addition, IMS is a non-aggressive, simple and inexpensive technique, applicable for the 
functionalisation of MWCNTs, NDs and PTFs with CdS-QDs with favourable distribution 
as shown in electron microscopy characterisation.  
MWCNTs were chosen as carbon nanomaterial to verify the feasibility of these modified-
carbon materials with CdS-QDs, in terms of electrochemical and fluorescent properties. 
On the one hand, the electrochemical response of CdS-QDs@MWCNTs/epoxy 
nanocomposite electrodes was evaluated by CV and compared with the non-modified 
electrode. A significant enhancement of the Ip was observed for the CdS-QDs modified-
electrode, which was 65% higher than the non-modified electrode. This electrochemical 
enhancement makes them interesting materials in the (bio)sensor field due to their proved 
electrocatalytical properties. Furthermore, voltammetric experiments were conclusive in 
terms of stability of CdS-QDs on the MWCNT surface, as no redox reactions of Cd2+ and 
S2- were observed.  
On the other hand, taking into account the proposed hypothesis of the preferential 
formation of CdS-QDs on the MWCNTs surface, it was demonstrated that after 
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modification with QDs the intensity of fluorescent emission at a certain wavelength (λ= 
405 nm) appears to be directly proportional to the CNTs concentration in water. This can be 
used for the detection of CNTs in water samples. Thus, a simple analytical procedure based 
on the above hypothesis for the detection of MWCNTs in water has been proposed and 
experimentally prove. 
Finally, the IMS technique has been shown to be applicable for the synthesis of CdS–QDs 
on MWCNTs by precipitation route, what results to the favourable distribution of QDs on 
the surface of the nanotubes. The functional groups of the MWCNTs are converted back 
into the initial ionic form (regenerated) after the CdS precipitation stage, what permits to 
carry out several sequential metal-loading-precipitation cycles to increase the QDs content 
in the final nanocomposite material.   
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